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1. In t roduct ion  
I n  t h e  per iod from March 1 9 5 7  through May 1966 ,  t h e  Yale Univers i ty  
conducted a systematic  observing program r e l a t i n g  t o  t h e  decametric r a d i o  
emission from J u p i t e r .  This program, which was supported by NASA (Grants 
NsG 73-60 and subsequently N s G  407) and by NSF, i s  being continued by t h e  
P r i n c i p a l  Inves t iga to r  a t  The Universi ty  of Texas with t h e  a i d  of cont in-  
ued NASA (NGR 44-012-055) and NSF support .  This f i n a l  r e p o r t ,  covering 
t h e  Yale phase of t h e  research ,  i s  t h e r e f o r e  a l s o  a kind of s t a t u s  r e p o r t  
on t h e  NASA supported p a r t s  of the e n t i r e  program. 
Due t o  t h e  ted ious  and time consuming hand reduct ion of records  
r equ i r ed  i n  p o l a r i z a t i o n  and t i m e  s tructure s t u d i e s ,  ana lys i s  has  lagged 
observa t ion  by one t o  two years .  Therefore,  t h i s  r e p o r t  w i l l  i n  s e v e r a l  
a r e a s  mention da ta  obstained,  without r e s u l t s  of t h e  ana lys i s  and i n t e r -  
p r e t a t i o n  which i s  now i n  progress .  
and f i n a l  r e p o r t s  f o r  NGR 44-012-055 and i t s  successors .  
These r e s u l t s  w i l l  appear i n  progress  
2. Summary of Charac t e r i s t i c  of t h e  Decametric Emission 
The complexity of J u p i t e r ' s  decametric emission i s  p r a c t i c a l l y  with- 
It  i s  sporadic  a t  f requencies  from 15-45 MHz; some evidence f o r  both  
s t r o n g  sporadic  and weak continuous emission has  appeared. The pro- 
b a b i l i t y  of emission occurrence i s  c o r r e l a t e d  with t h e  o r i e n t a t i o n  ** 
of J u p i t e r  r e l a t i v e  t o  ear th ,  with t h e  p o s i t i o n  of t h e  innermost 
Gal i lean  s a t e l l i t e  I o  r e l a t i v e  t o  J u p i t e r  and t o  t h e  e a r t h ,  and d s o  
as a poss ib ly  pe r iod ic  v a r i a t i o n  of  roughly 10-12 yea r s ,  which may 
r e f l e c t  s o l a r  cyc le  o r  o r b i t a l  c o r r e l a t i o n .  
o u t  parallel among sources  ava i l ab le  t o  r a d i o  astronomers: 
When p resen t ,  emission f l u x  v a r i e s  on t i m e  s c a l e s  of  minutes (burst 
groups) ,  seconds (L-pulses) and hundredths of seconds (S-pulses) . 
A primary discovery o f  t h e  Yale work was t h a t  both L- and S-pulses 
a r e  propagation phenomena; the  na tu re  of L-pulses w i l l  be d e t a i l e d -  
i n  a l a t e r  s e c t i o n  of t h i s  r epor t .  
The emit ted r a d i a t i o n  i s  d i r e c t i v e ,  with rap id  changes i n  i n t e n s i t y  
observed over a few degrees of r o t a t i o n  of  t h e  p l a n e t .  Its average 
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d i r e c t i v i t y  p r o p e r t i e s  a r e  systematic func t ion  of frequency. 
The emission i s  s t rongly  polar ized ,  wi th  p o l a r i z a t i o n  charac te r -  
i s t i c s  varying over a wide range, sometimes r eve r s ing  sense i n  
l e s s  than a second. Evidence f o r  sys temat ic  v a r i a t i o n  with or ien-  
t a t i o n  of J u p i t e r  and with frequency has  been obtained by s e v e r a l  
observers .  
The emission has complex but amazingly sys temat ic  s p e c t r a l  proper- 
t i e s ,  with frequency d r i f t s  of both senses  observed. Dynamic 
spectrum appearance i s  c h a r a c t e r i s t i c  f o r  a given conf igura t ion  of  
J u p i t e r ,  I o ,  and ea r th .  
The f l u x  i s  l a rge ,  with moderatzpy s t song  2 u p i t e r  storms nea r  20 
MHz having a f l u x  of 5-10 (10)- Wm- Hz- . 
The research  program c a r r i e d  out  under t h e  p re sen t  g r a n t  has  been 
concerned with (1) p o l a r i z a t i o n  p rope r t i e s  and (2) spaced-receiver obser- 
v a t i o n s  of t i m e  s t r u c t u r e  of J u p i t e r ' s  decametric emission; t h e  p re sen t  
s t a t u s  of  t h i s  work i s  summarized i n  subsequent s e c t i o n s .  
3 .  Pola r i za t ion  S tud ie s  
A .  Instrumentat ion 
p o l a r i z a t i o n  analyzer ,  constructed a t  Yale with t h e  support  of N s G  73-60. 
Po la r i za t ion  s t u d i e s  were c a r r i e d  ou t  with a six-channel 2 2 . 2  MHz 
The antenna w a s  a crossed - Yagi a r r ay  w i t h . 1 6  elements, supported 
from behind by a f u l l y  s t e e r a b l e  equa to r i a l  mount. This arrangement pos- 
sessed  t h e  d e s i r a b l e  t r a i t  of f u l l  t rack ing ,  wi th  no p a r t  of t h e  support  
s t r u c t u r e  being i n  t h e  f i e l d  of any of t h e  elements. The measured imed- 
ance of  t h e  a r r a y  va r i ed  l e s s  than 2% between -4 and +4 hours from t h e  
meridian a t  e c l i p t i c  dec l ina t ion .  The Yagis were close-spaced, g iv ing  t h e  
system a 1 MHz bandwidth. 
The c i r c u l a r i t y  w a s  exce l len t ;  many J u p i t e r  storms observed appeared 
only i n  t h e  r i g h t  c i r c u l a r  antenna. 
bo th  t o  t h e  complete c i r c u l a r i t y  of t h e  J u p i t e r  r a d i a t i o n  and t o  t h e  circu- 
l a r i t y  and or thogonal i ty  of t h e  r i g h t  and l e f t  c i r c u l a r  antenna outputs .  
A s l i g h t  e l l i p t i c a l  component i n  the antenna would produce some l e f t  circu- 
l a r  ou tput  f o r  r i g h t  c i r c u l a r l y  polar ized  J u p i t e r  r a d i a t i o n ;  r i g h t  e l l i p t i -  
c a l  J u p i t e r  p o l a r i z a t i o n  j u s t  matching t h e  antenna p r o p e r t i e s  would produce 
no l e f t  output  f o r  t h e  proper o r i e n t a t i o n  of t h e  e l l i p s e ,  bu t  t e r r e s t r i a l  
Faraday r o t a t i o n  would soon remove th i s  favorable  o r i e n t a t i o n ,  and l e f t  out-  
p u t  would be v i s i b l e .  
emission must a l s o  be near ly  c i r c u l a r ;  i f  e l l i p t i c a l ,  t h e  prolonged l a c k  o f  
. l e f t  ou tpu t  could not  be explained even with an e l l i p t i c a l  antenna due t o  
Faraday r o t a t i o n .  
antenna i s  s e t  a t  5%. 
Such an observat ion i s  a testimony 
The same argument may be used t o  show t h a t  t h e  J u p i t e r  
A conservat ive upper l i m i t  on c ros s -po la r i za t ion  i n  t h e  
The r ece ive r  was adapted from a design by M .  H.  Cohen (Proceedings 
of t h e  I R E ,  January 1958) .  Right (R) and l e f t  (L) c i r c u l a r  i n t e n s i t y  were 
recorded, toge ther  with the  amplitude (RL1) and phase (Xl) of  t h e  cross-  
c o r r e l a t i o n  of r i g h t  and l e f t  c i r c u l a r  amplitude. 
channels were t h e  amplitude @L2) and phase (X ) of t h e  c r o s s  c o r r e l a t i o n  
o f f s e t  from 22.2 MHz by a va r i ab le  amount. and X1 ou tputs  can 
be combined t o  g ive  Stokes parameters a t  22.2 MHz, w h i l e  X and X may be 
be r  of  Faraday turns along t h e  l i n e  of sight t o  J u p i t e r .  
The remaining two 
of r i g h t  and l e f t  c i r c u l a r  amplitude a t  a second 2 
used t o  produce a Faraday d ispers ion  theory  c a l c u l a t i o n  of 1 t h e  t o g a l  num- 
frequency which could be  
R,  L, RL 
Both low and high speed analog outputs  were obtained;  t h e  n e c e s s i t y  
f o r  subsequent reduct ion  t o  d i g i t a l  form has made l a r g e  s c a l e  d a t a  a n a l y s i s  
s l o w  and labor ious .  
B. Resu l t s  
( i )  Percentage of Po la r i za t ion  
va t ions  depended upon t h e  assumption t h a t  t h e  r a d i a t i o n  was com- 
p l e t e l y  polar ized ,  i .e:  no randomly po la r i zed  component p re sen t .  
The R ,  L and RL outputs  of the  22.2 MHz polar imeter ,  appropr ia te ly  
combined, y i e l d  es t imates  of t h e  percentage of po lar ized  f l u x ,  M .  
During t h e  e a r l y  p a r t  of t h e  present  g r a n t  per iod ,  po lar iza-  
t i o n  observat ions made during t h e  1 9 6 1  apparat ion of J u p i t e r  were 
analyzed. 
August of 1961.  The results obtained during t h i s  per iod  are sum- 
marized i n  Table 1. 
P r i o r  t o  t h e  Yale work, i n t e r p r e t a t i o n  of p o l a r i z a t i o n  obser- 
, 
P a r t i c u l a r  a t t e n t i o n  was pa id  t o  a per iod  i n  J u l y  and 
Table 1 
Date (EST) TI11 Range Axial  Rat io  Percentage of Po la r i ze  
Flux 
18 J u l y  1 9 6 1  1 8  7- 2 4 1  M .os 100% f 20% 
20 J u l y  1 9 6 1  151-16 7 4 . 5  
26 J u l y  1 9 6 1  197-231  s=, .05 
28 J u l y  1 9 6 1  117-155  0 .6  
2 Aug 1 9 6 1  222- 23 6 .07 
4 Aug 1 9 6 1  2 29- 248 
184-2 2 2 
.3 
. 2  a 
90% +_ 20% 
100% 2 20% 
90% f 20% 
100% k 10% 
100% f 20% 
80% +_ 20% 
The e r r o r s  quoted i n  M a r e  due t o  r ece ive r  and reduct ion  no i se  e r -  
rors; systematic  e r r o r s  i n  M ,  p a r t i c u l a r l y  c o r r e l a t e d  wi th  r, may 
remain. 
f r a c t i o n  of randomly polar ized  r a d i a t i o n  d e f i n i t e l y  p re sen t .  
I t  i s  i n t e r e s t i n g  t o  no te  t h a t  i n  no case  i s  a significant 
c r .  c ' .  
. 
More extensive reduction f o r  M a r e  not y e t  underway; a n a l y s i s  
time has been pr imar i ly  assigned t o  the  bas i c  quest ion of  under- 
s tanding  t h e  way i n  which p o l a r i z a t i o n  and f l u x  vary on a r ap id  
t ime s c a l e .  This i s s u e  i s  fundamental t o  t h e  i n t e r p r e t a t i o n  of  
time-averaged da ta  such a s  the  r e s u l t s  of Table 1. 
( i i )  Time-averaged Axial  Rat io  
Although usua l ly  near ly  completely r i g h t - c i r c u l a r l y  po la r i zed ,  
a number of cases  of more e l l i p t i c a l  p o l a r i z a t i o n s  a r e  noted. I n  
occas iona l ly  observed. 
guing c o r r e l a t i o n  with System I11 longi tude .  Storms were c l a s s i -  
f i e d  according t o  the  region producing them, Region 1 = e a r l y  source,  
Region 2 = main source,  and Region 3 = l a t e  source.  Average a x i a l  
r a t i o s  were divided i n t o  ranges and Table 2 prepared.  
' add i t ion ,  complete po la r i za t ion  renewals t o  le f t -hand  c i r c u l a r  a r e  
Analysis of t h e  1 9 6 1  d a t a  showed an i n t r i -  
Table 2 
Number of Nights with: 
0 . 0  < r < 0.2 0.2 < r < 1 L e f t  Hand P o l a r i z a t i o n  
Region 1 1 
Region 2 11 
Region 3 2 
6 
0 
0 - 
0 
3 
0 - 
T o t a l s  14 * 6 3 
The e a r l y  source i s  'seen t o  be t h e  most p r o l i f i c  con t r ibu to r  of  
highly e l l i p t i c a l  po la r i za t ion .  Later and more ex tens ive  r e s u l t s  
now being prepared f o r  publ ica t ion  bear  t h i s  o u t .  Dowden, Barrow, 
S h e r r i l l  and Smith and Carr a l l  r e p o r t  s i m i l a r  phenomena, becoming 
more marked a t  lower frequency. 
(iii) High-speed Axial  Rat io  S tud ie s  
A number of J u p i t e r  storms recorded gn a high-speed o s c i l l o -  
graph have been measured manually every 0 .25 ,  c a l i b r a t i o n  appl ied  
and a x i a l  r a t i o s  ca l cu la t ed .  A summary of one such reduct ion  was 
included i n  a previous s t a t u s  r e p o r t .  The da ta  a v a i l a b l e  now sug- 
g e s t  t h a t  while  r i s  usua l ly  cons tan t  through amplitude f l u c t u a t i o n s  
of lO/l, occas iona l  per iods  of r a p i d  r f l u c t u a t i o n  i n  t imes of 1 . 
second a r e  seen. The po la r i za t ion  sense may even r eve r se  and r e t u r n  
i n  t imes of  t h i s  order .  I f  i n t r i n s i c  t o  J u p i t e r ,  t h e s e  p o l a r i z a t i o n  
f l u c t u a t i o n s  pose i n t r i g u i n g  problems. A spaced r ece ive r  po la r i za -  
t i o n  experiment now i n  prepara t ion  w i l l  help s e t t l e  t h e  ques t ion  of 
where such behavior or ig ina tes :  ionosphere, i n t e r p l a n e t a r y  medium, 
o r  J u p i t e r .  I n  any event,  t h e  fast-changing p o l a r i z a t i o n  behavior 
make i n t e r p r e t a t i o n  of time-averaged da ta  d i f f i c u l t ,  and future  
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reduct ion  w i l l  concentrate  on point-by-point a n a l y s i s .  
( iv) Faraday Rotat ion 
Reduction of 20 n igh t s  show t h a t  t h e  t o t a l  Faraday r o t a t i o n  
p resen t  i n  t h e  J u p i t e r  r a d i a t i o n  i s  e n t i r e l y  c o n s i s t e n t  wi th  t h e  
behavior of t h e  t e r r e s t r i a l  ionosphere.  
p i t e r ' s  ionosphere and the  i n t e r p l a n e t a r y  medium must be less  
than  t h e  t e r r e s t r i a l  Faraday e f f e c t .  
Any e f f e c t  duc t o  Ju- 
4. Time S t ruc tu re  S tud ie s  
A. Two S t a t i o n  Observation 
These r e s u l t s  a r e  f u l l y  described i n  t h e  p r e p r i n t  of t h e  paper 
" In t e rp l ane ta ry  S c i n t i l l a t i o n  i n  Jovian Decametric Radiation", which 
forms a p a r t  of t h i s  r e p o r t .  
B. Three S t a t i o n  Observation 
The a t tached  in-house progress  r e p o r t  prepared by Louis P. Pa t ak i  , 
summarizes t h e  c u r r e n t  s t a t e  of t he  a n a l y s i s  of t h r e e  s t a t i o n  observa- 
t i o n s .  
5 .  Decameter Monitoring S t a t i o n  
The decameter monitoring s t a t i o n  f o r  Kodaikanal, I n d i a  has  been fab- 
r i c a t e d ;  antenna, d r i v e r  and computers a r e  t o  be shipped s h o r t l y .  
The radiometer i t s e l f  r equ i r e s  f u r t h e r  check-out and c a l i b r a t i o n  op- 
e r a t i o n s ;  it has been t r a n s f e r r e d  t o  The Universi ty  of Texas where t h i s  
work w i l l  be completed. Support fo r  shipping t h i s  p a r t  o f  t h e  instrument  
t o  Kodaikanal w i l l  be requested i n  a f u t u r e  proposal ,  so  t h a t  t h e  Kodaikanal 
S t a t i o n  may j o i n  t h e  o t h e r  Decameter Monitoring S t a t i o n s  (operated by 
Goddard Space F l i g h t  Center) i n  the  synopt ic  Jupi te r -Solar  monitoring pro- 
gram. 
James N .  Douglas 
P r i n c i p a l  I n v e s t i g a t o r  
